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In the last years, the interest for renewable energies has shown a continuously increasing
trend, in search of a convenient and sustainable source alternative to carbon and fossil
fuels, also due to government incentive systems, as can be seen for example in the
objectives proposed by the EU 2020 target. In such context, marine energy sources
are particularly attractive, both for the high conceptual available resource and for some
speci�c technical characteristics, such as a more predictable behavior with respect to
other sources like wind energy. The work here presented resumes the experience gained
over more than 20 years of activities conducted at Department of Industrial Engineering of
the University of Naples “Federico II,” in collaboration with research consortium Seapower
scrl, in the �eld of ocean renewable energies. The work refers to several case reports
related to different projects in which the research group has been involved. Two main
energy sources have been investigated, namely tidal currents, and wave energy, through
the development, among others, of two different projects reported in this paper:

• GEMSTAR: a submerged �oating tidal current hydrokinetic turbine system (an evolution
of GEM turbine)

• PIVOT: a wave energy converter (WEC) based on a pivoting buoy

GEMSTAR is a project which is at Technology Readiness Level (TRL) 7 being the �rst
prototype tested in real �eld while PIVOT is at TRL 5 since thefull-scale prototype
has been tested only in controlled environment. In any case both projects are still in
development, evolving to more mature technology levels. The article reports the two
case studies related to the above-mentioned systems at the present development stage
along with the resource assessment of both energy sources inMediterranean area.

Keywords: tidal current energy, hydrokinetic turbine, �oa ting marine turbines, wave energy, pivoted buoy
conversion system

TIDAL CURRENT ENERGY CASE STUDY: A PRELIMINARY
ASSESSMENT ON TIDAL CURRENT ENERGY RESOURCE IN THE
STRAIT OF MESSINA

In the last few decades, the technologies to exploit the kinetic energy �ux in regions of extreme
tidal current provided very interesting results. Several conversion systems have been designed and,
in some cases, installed or are undergoing full scale testing in a pre-commercialization stage. The
development of “green” o�shore power plants is particularly challenging in countries facing oceans
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where the greatest wave and tidal energy potential is found,
but it appears to be still relatively slow in semi-enclosed
sea as the Mediterranean. In this context a detailed marine
energy assessment becomes a priority, in order to maximize the
potentiality of area still economically valuable, but wherelower
amounts of energy are available (Liberti et al., 2013).

This is especially true for countries like Italy having relatively
long coastlines. Nonetheless, in literature, there are only some
production estimates for the Strait of Messina, placed in the
broader context of the estimation of marine energy resources in
Europe.

The choice of the Strait of Messina is very attractive both
for the prototypes deployment and for the establishment of
production farms of medium and large scale, due to the average
high currents and suitable meteorological and oceanographic
conditions (see for exampleEl-Geziry et al. (2013), which
also indicates possible environmental impacts of marine energy
systems). Other locations exhibit less attractive characteristics,
such as the lagoon of Venice where lower values of maximum
water currents and greater interference with the navigation
reduce the cost e�ective project to develop tidal energy current
farms. The channel of Bonifacio, between Sardinia and Corsica,
also shows interesting energetic features, but it is less suitable
as its severe meteoceanographic conditions and deep waters can
cause installation and maintenance issues.

In 2013, a study, summarized in this paragraph, has been
performed byCoiro et al. (2013), in cooperation with the Italian
research institution ENEA, with the aim to assess an overall
estimation of the possible energy potential available in the Strait
of Messina. The main purpose of this work was to provide
site-speci�c production estimates associated with the use of
marine current energy, considering various possible devicesand
geometric, environmental, and navigation limits. In this study
some simplifying assumptions are adopted. To have comparable
estimates of the di�erent tidal current devices, it is assumed that
all the deployed units have the same maximum power equal
to about 1 MW. Available current information is analyzed to
de�ne the average current energy potential and to address the
problem of its exploitation. Geometry assumptions have also
been conducted, considering that geometry is a strong limitto the
tidal farm e�ciency and extension. Anyway, such study neglects
some speci�c siting issues (for example eventual presence of
obstacles related to device mooring), giving only a generalenergy
potential estimation.

Several tidal energy devices are considered, assuming some
performance parameters.

For a device in an open water �ow, as discussed later in
this paper, the performance can be described with su�cient
approximation by a cubic power curve:

P D
1
2

� V3SCP

where� . is the average density of the water, V is the current
speed, S is a reference surface andCP. is the power coe�cient,
a measure of the e�ciency of the current device (Stoddard and
Eggleston, 1987).

In this paper, four di�erent current turbines have been
considered:

� MCT SeaGen (a);
� Kobold (b);
� GEM (c);
� Verdant Power (d).

For technical speci�cations of considered devices, refer to
Turbine (2012), Coiro and Nicolosi (1998), Coiro et al. (2009),
andReinecke et al. (2011).

In order to have comparable estimates, it was assumed that all
the individual units have the same maximum power of 1 MW.
The dimensions of the structures were in a �rst approximation
proportionally scaled to the diameter of the turbines. The actual
dimensions could a�ect the density of installation (i.e., the
maximum achievable number of turbines per km2) and therefore
the overall production at a given site. The implementation details
and the consequences on the feasibility of individual farmswere
considered negligible in this general production estimate.

In lack of detailed information for all the systems and in
order to have uniform assumptions for all the considered devices,
an assumption has been made on the electrical conversion
e�ciency. A total e�ciency of the transmission line equal to
80% has been taken into account, as representative for the global
electric conversion system (generator, conversion systems, and
transmission of energy). Considering the power coe�cient,CP.,
as representative of the conversion from current kinetic energy
to mechanical available energy, the overall e�ciencies reported
in Tables 1, 2 have been considered.

Moreover, some assumptions on space occupation have
been made, details are provided inCoiro et al. (2013), and
some speci�c possible installation areas (Figure 1A) have been
considered, within the Strait zone, taking into account also
limitations due to local naval tra�c.

TABLE 1 | Power coef�cient and total ef�ciency assumed for the selectedcurrent
turbines.

Device Power coef�cient Total ef�ciency

MCTSeaGen 0.46 0.8�0.46 D 0.37

Kobold 0.30 0.8�0.30 D 0.24

GEM 0.75 0.8�0.75 D 0.60

Verdant power 0.34 0.8�0.34 D 0.27

TABLE 2 | Annual energy production assessment according to selectedcurrent
turbines-Method of farms.

Device Density
(unit/km 2)

Power
(MW)

Annual
energy
(GWh)

MCTSeaGen 40 263.2 175.0

Kobold 36 150.1 100.2

GEM 23 235.2 155.2

Verdant power 16 103.1 67.9

Mean annual production 124.6
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FIGURE 1 | Strait of Messina installation areas(A). Typical yearly time history of current velocity(B) and superposition of several daily current speed pro�le highlighting
a daily peak sequence pattern(C). Data are related to two different sites of the Strait:(B) reference sitePunta Pezzo, (C) lower speed sitePunta S. Raineri.

With all the above indicated assumptions, an estimation of the
overall energy, potentially available for the di�erent considered
devices, has been obtained.

Tidal Current Estimation
Production assessment is generally based on site-speci�c current
measurements. Design data for the present analysis were based
on the tide tables of the Strait of Messina, for the year 2004
(Marina, 2003). In general tide tables are referred to a speci�c
reference site where information is provided on slack water and
maximum expected currents (both �ood and ebb). In particular,
the reference location for the Strait of Messina is Punta Pezzo
(38� 1400000N; 15� 3800000E).

From the available data it was possible to reconstruct the time
series of current magnitude at Punta Pezzo throughout the year,
as shown inFigure 1B. For a more detailed current prediction
and consequently power assessment, data related to the peaks
and to the calm have been interpolated, adopting an hermitian
cubic interpolation to preserve the shape. A typical pattern is
evident in the area, formed by the succession of semi-diurnal
cycles, with approximately monthly variation of the local peaks.
In particular, four peaks happen per day with two direction
inversions. The peak speeds vary throughout the year according
to typical luni-solar tides but the current is always slightly higher
in the descending direction (from Tyrrhenian Sea to Ionian Sea).

Assuming Punta Pezzo as the reference site, it is possible to
determine tidal time (slack and maxima) and peak values in some
secondary locations of interest. In particular, it is possibleto
assume a linear relationship as

V0D V0
0C rVc

where V0 is the velocity in the secondary location,Vc is the
velocity at the reference site,r is an appropriate site-dependent
scaling factor,V0

0is an empirical o�set. Admiralty tide tables give
the local peak current speed in some known secondary locations,
assigning the related correction factors (Vercelli, 1925).

Furthermore, on-site current measurements may provide
information at additional locations. In particular a SonTek
Argonaut XR ADCP was installed at a water depth of about 20 m
(Figure 1C), from the 17th of March to the 20th of April 2010,
in proximity of Punta S. Raineri (Messina). These data have been
assumed representative for Villa San Giovanni and S. Rainerisite,
where information was missing fromMarina (2003). In general,
two main daily peaks are present.

Using the reported data, it was possible to derive near surface
peak velocity at secondary locations.

The Method of Farms
Among the possible approaches to available potential estimation,
in this study the so called method of farms has been considered.

With the method of farm, the productive potential of a site
occupied by several devices is assessed by the occupation density
dependent on the overall dimensions of the system as assumed in
the present work.

From a practical point of view, it is assumed that farms
are installed in feasible areas of limited size not too far from
the coast, to avoid interference with naval operations and in
order to facilitate installation and maintenance operations. The
bathymetric contour line of 50 m is taken as the minimum
achievable water depth for the installations. This depth, in reality,
is characteristic of each speci�c system and such value has to
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be considered as a �rst guess only. The maximum water depth
at the site is also a limiting factor, related to the complexityof
installation and operation. Increasing the depth of the site means
increasing the installation and maintenance costs. In the present
study we assumed an indicative maximum limit of 150 m water
depth.

Table 2 shows the potential production rate, obtained by
adding energy production for all the suggested areas of
installation, under the above stated assumptions and with rated
power rescaled to the value of 1 MW to obtain comparable
results. The estimated results are only a fraction of the total
theoretically energy available in the current, as a consequence
of the restriction to plant space occupation imposed in order to
comply with practical operational constraints.

All the considered devices show promising results, at least
according to available data. However, the speci�c cost of the
selected turbines should be carefully evaluated. The cost can
be signi�cantly di�erent between one system and the other
regardless of their production capacity. In particular, the cost of
installation and maintenance must be taken into account as well
as any possible impact on navigation and �shing. In other words,
the �nal criteria to select a tidal turbine with respect to another,
for the installation in a speci�c site, are driven by factors that
can totally reverse the order of choice due to the mere criteria
of the energy production assessment. Detailed knowledge of
production units and their characteristics, as well as a preliminary
current assessment in the speci�c installation site are necessary
for �nal evaluation.

TIDAL ENERGY CASE STUDY: GEMSTAR,
SUBMERGED FLOATING HYDROKINETIC
TURBINES

GEMSTAR System Con�guration
GEMSTAR system is an evolution of GEM system but, in
what follows, we will also refer to the original GEM system.
It is composed by a tethered �oating structure, supporting two
hydrokinetic turbines, with the ability of self-alignment with
current stream. It may be equipped with a self-towing winch,
which is capable of setting the desired operating depth. Operating
underwater, it has a limited impact on navigation. The system
is moored at a single point on seabed, allowing the rotation of
the �oating structure in response to current direction change
and may reduce maintenance cost and simplify deployment
operations: by releasing the winch mooring cable, the systemmay
be raised at surface for easier maintenance. A CAD drawing ofthe
GEM con�guration is shown inFigure 2.

The system is sustained by the buoyancy provided by a
streamlined axial-symmetric �oating body, placed at the topof
the structure. Stability and oscillation damping are improved by
means of tail �ns mounted on the �oating body. Two generators
are installed on board and mounted on the turbines shafts
through a gearbox. Each generator is electrically controlled by
an inverter, both for grid connection purposes and in order to
attain optimal working conditions at di�erent current speed.
Suitable control logic is also needed to pursue optimal operating

conditions. The power connection is provided by means of a
power cable, passing along the mooring cable and extended up
to an on-shore grid connection point.

The three bladed rotors have been developed at the University
of Naples and designed to reach a high e�ciency in a relatively
wide operating conditions range, using a properly designed
airfoil section shape to avoid cavitation. The turbines have
been intensely tested both in wind tunnel and towing tank
experimental campaigns. In a possible con�guration a di�user,
also developed at the University of Naples, is placed around
each turbine with the aim of enhancing the energy conversion
process by increasing the mass �owing though the turbine swept
area. After further investigations, a solution with bare turbines
(without di�users) will be considered in the next GEMSTAR
device for a cost e�ective implementation of the system.

The development of the system started in 2005 and,
after preliminary numerical analyses and design work, many
experimental tests have been performed on di�erent systems
characterized by di�erent scales. In 2005 tests were performed
on the bare rotor turbine model with 1.2 m diameter.Coiro et al.
(2006). Bare and shrouded turbine performances were compared
after a series of tests performed in in the years from 2008 to 2010
(Coiro et al., 2009). The complete �oating system was tested in
two test campaigns on a 1:20 scaled model (2010) and on a 1:8
scaled model (2011) (Scherillo et al., 2011). A full-scale prototype
with 3 m diameter rotor was manufactured, deployed and tested
in 2012 (Coiro et al., 2012).

The main results of the experimental test campaigns,
performed at di�erent project stages, are reported in the
following paragraphs.

Bare and Shrouded Turbine Experimental
Tests
In order to characterize the behavior of the system in di�erent
operating conditions, experimental tests were performed in the
towing tank on isolated turbine as well as on two di�erent scaled
model of the full GEM system. A �rst experimental campaign
was carried out on a single isolated, reduced-scale hydro-turbine
– which is the main component of the GEM system—with, and
without a shroud. In fact there have been a large number of papers
regarding shroud e�ect on bare turbine, see for example (Igra,
1981; Van Bussel, 2007; Polagye et al., 2011; Shives and Crawford,
2011) but a real and complete cost-e�ective analysis has probably
never been performed.

After a �rst set of tests performed in air in the wind tunnel
facility of the Department of Industrial Engineering of University
of Naples, a second session of experimental tests has been
completed in the towing/wave tank belonging to the same
Department and the experimental results will be reported in the
following paragraphs.

General De�nitions
Prior to presenting tests data, some useful de�nitions of
dimensionless quantities are recalled here. These coe�cients are
widely used further in this paper to discuss about the power
generation system characteristics of the GEM.
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FIGURE 2 | Schematic view of GEM con�guration.

In general, a turbine is a device that works at a given rotational
speed
 when immersed in a �uid stream of speedV. The desired
e�ect is the establishment of a torqueQ that keeps the blades in
rotation and brings about the generation of a mechanical power

P D Q•

An important state variable of the turbine is the Tip Speed Ratio
TSRD 
 R/V, i.e., the tip speed
 R non-dimensionalized with
respect to the current speedV, R being the turbine radius. The
power coe�cient (or turbine's e�ciency) is de�ned as

CP D P=(0.5� V3A)

wherePis the power generated (measured or estimated), V is the
asymptotic speed of the �uid stream (in this case, the steady-state
traveling carriage speed),A is the area of a reference surface, and
� is the water density. Similarly, the torque coe�cient is de�ned
as

CQ D Q=(0.5� V2A R)

whereQ is the torque (measured or estimated), at the turbine
hub. Finally, the thrust coe�cient has the following expression:

CT D T=(0.5� V2A)

where T is the turbine thrust, that is the axial force developed
by the device immersed in the �ow and functioning at a given
TSR. The areaA in the above de�nitions is always taken
coincident with the bare rotor disk surface area, both for the bare
turbine and for the di�user-augmented one. This is important
when comparing performance of di�erent solutions in terms of
e�ciency.

Model Set-Up
Support structure and actuation system
An initial test campaign has been performed on a single isolated
turbine to characterize the behavior of the power conversion
system prior to the installation on the �oating system. The
turbine was mounted on a submersed pole connected to the
towing tank carriage by means of a support structure capable
of placing the turbine shaft at the desired depth. During tests
the towing cart was operated at a constant speed simulating
a given relative current, the turbine shaft was actuated by a
controlled motor in order to achieve the desired rotationalspeed
and operating conditions.

The assembly consists of a hollow tubular steel mast of length
of 2.46 m whose circular section has an external diameter of
114 mm and inner diameter of 108 mm and it could rotate
around its axis in order to test the device with a �xed yaw angle
respect to the oncoming water current. A frame built by several
welded tubular square sections �xes the tubular mast in a vertical
position.

Measurements have been made using a torque-meter of
226 Nm (2,000 lbf-in) of full scale range, with an accuracy
of � 0.1% FS. Also, a load cell with 5 kN FS was installed
at the end of the transmission shaft to measure compressive
or traction loads produced by the rotor. A ducted turbine
con�guration, i.e., with a di�user (shroud) placed around the
turbine, has been developed and tested in order to study the
possible increase in conversion e�ciency. Basically, the shroud
is an annular di�user with a streamlined cross section. A high
lift airfoil has been used for the cross section shape of the
shroud.

A controlled motor is set up to control the desired rotational
speed, a torque-meter measures the turbine torque, and load cells
measure separately the axial forces experienced by the turbine
and by the di�user immersed in the �ow.

Figure 3A represents a picture of the test set-up installed in
towing tank, with the support structure for the shrouded turbine
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FIGURE 3 | Single turbine test system mounted on towing tank carriage(A). Power coef�cient for single isolated turbine. Comparison between bare and ducted
turbine (� D 26� ). Relative speed 2.0 m/s(B).

able to rotate around its vertical axis to test the device in both
axial and yawed �ow conditions.

Shroud and turbine geometry
The shroud is realized as an axially symmetric revolution body
generated by an airfoil shape set to a proper inclination angle.A
characteristic angle associated to the shroud geometry is the angle
� formed by the chord of the airfoil-shaped annular cross section
of the shroud (taken with a radial plane) and the turbine axis.
Two geometries of streamlined shrouds have been tested; these
geometries had the same annular cross section, i.e., the same
airfoil shape, but with di�erent airfoil chord angles,� D 23� and
� D 26� , respectively.

The tested turbine had a diameter of 0.6 m and a chord length
of about 0.05 m at 75% radius span and was coupled in some
tests with a shroud. In the case of the shroud with maximum
inclination angle (26� ), an exit diameter of 0.812 m was used. The
di�user throat section was slightly larger than the turbine disk
(0.62 m diameter).

Tests on single turbine
Power coe�cient.The main results of the tests on the turbine are
reported in terms of non-dimensional coe�cients. Preliminary
numerical and experimental results show that, between the two
considered shroud geometry the most e�ective in terms of power
coe�cient increase is represented by the con�guration with
higher section angle� D 26� . Such shape has been considered for
further analyses and tests. It is worth to specify that blade pitch
angle has been kept always �xed without any attempt to optimize
its value in order to increase the maximum e�ciency, since the
main goal of the tests was the investigation on di�user installation
e�ect on bare turbine performances. The Reynolds number,
based on airfoil chord and on relative airfoil velocity, shows a
signi�cant variation across the operating test range, mainly due
to the variation of rotational speed. For a �ow velocity of 2.0
m/s, assuming a reference chord length equal to the blade chord
at 75% radius span, the Reynolds number of the representative
blade section spans the approximate interval between 1,20,000

and 7,30,000. The e�ect of the di�user on turbine apparent
e�ciency over the whole range ofTSR's is shown inFigure 3B.
The maximum power coe�cient reaches an almost double value
with respect to the case of bare turbine.Figure 4A reports the
e�ect of yaw misalignment onCP, clearly showing a reduction of
conversion e�ciency at increasing yaw angle.

It may be noted that the apparent value of theCP exceeds the
Betz limit, with the assumed value of the reference area (turbine
disk area). If the exit area of the di�user is used as reference for
the de�nition of power coe�cient, the maximum value is limited
to a lower value.

Thrust coe�cient. A comparison of thrust coe�cient plots vs.
TSR is reported inFigure 4B. They are relative to di�erent
turbine con�gurations (bare rotor, ducted rotor with� D 23� ,
ducted rotor with � D 26� ). The values ofCT are relative to
the thrust acting on the rotor only. These data are consistently
evaluated by taking the reference areaA as the frontal area of
the bare rotor disk. It is observed that in presence of the di�user
the rotor features a sensibly higher thrust coe�cient with respect
to the bare rotor case. This experimental result does not agree
with the hypothesis made in some studies reported in literature
(see for exampleVan Bussel, 2007), who claims that the thrust on
the rotor remains the same even if it is ducted, but the observed
power performance increment, on a ducted turbine, is essentially
due to the extra mass �ow through the rotor. However, further
investigations and validations of numerical and experimental
analyses may be useful on this topic.

For the design of GEM system, the estimation of thrust acting
on the di�user supports has also an important role. The di�user
only thrust coe�cients (CTs), referred to the swept area of the
rotor [CTs D Ts/(0.5 V2A)], have been measured and estimated as
function ofTSRfor two shrouded turbines with di�erent di�user
geometries (� D 23� , � D 26� ). It is observed that the di�user
thrust coe�cient reduces almost linearly with increasingTSR.
For the 23� shroud,CTs varies across the explored TSR interval,
ranging from a value of aboutCTsD 0.92 at TSRD 0.8, to a
value ofCTsD 0.66 at TSRD 5.7. Such behavior may be due
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FIGURE 4 | Effect of yaw misalignment on ducted turbine (� D 26� ) on measured power coef�cient. Current speed 1.5 m/s(A). Comparison of measured rotor thrust
coef�cients for 3 different con�gurations (bare rotor, ducted rotor with 0 D 23� , ducted rotor with 0 D 26� ). Current speed 2.0 m/s(B).

to a �ow reattachment on the di�user inner side promoted by
the turbine induced �ow. A similar trend may be observed for
the 26� shroud con�guration, with higherCTs values, ranging
approximately fromCTsD 1.12 at TSRD 0.81 toCTsD 0.78 at
TSRD 7.2.

An important observation, from the design point of view, is
related to the signi�cant increase in thrust on the turbine-di�user
assembly with respect to the turbine only con�guration.

Tests on full model in small scale
GEM tethered model set-up.In this section the main results
of towing-tank tests on a reduced-scale model of the entire
GEM system are presented. These tests were mainly aimed at
characterizing the steady-state conditions and the related power
production performance, and to study the stability and the
dynamic behavior of the whole scaled system in di�erent possible
operating conditions; for example, some o�-design conditions
were also examined, such as those caused in real situations by an
abnormal shut-o� of one turbine.

In the GEM system design two counter-rotating turbines are
mounted at the sides of the main �oating body. The model used
in the tests is scaled by 8 times with respect to a possible real-
scale installation of the GEM, and is shown inFigure 5A. It
consists of a �oating submerged system made up of two bodies:
the upper body serves to produce the necessary buoyancy force,
while the lower body accommodates instruments and auxiliary
devices. The upper body is also equipped with two �ns forming
an angle of 45� with the longitudinal plane of symmetry. A
“V tail” con�guration has been used for the tailplanes with the
aim to improve the necessary lateral stability of the system and
to allow the regulation of the body's pitching trim at stabilized
advancing speeds, while reducing the possible interference with
turbine wake. Di�erent tail con�gurations have also been tested
throughout the campaign.

The GEM scaled test model had an overall length of
3.55 m with a turbine axes distance of 1.13 m and an height
of 1.84 m. At zero carriage speed the turbine axis was set
at 1.65 m below water surface, while the �nal axis depth is

dependent on carriage speed; a schematic of the forces acting
on the system is illustrated inFigure 5B. The tethering cable
arrangement in steady �ow is an important aspect of the tested
device. In the towing tests, an immersed steel frame structure
�xed with the running carriage simulates the seabed single-point
anchorage (represented by pointA in Figure 5B). The model is
connected via the cable to the running anchorage point. A winch
located in pointA allows to release or to tighten the cable and,
consequently, to position the model at the desired depth in the
tank.

Characterization of the submerged tethered system.During the
tests, the following data are monitored and measured:

(i) Torque and angular velocity of the left-hand-side turbine,
from which the total output power is estimated, assuming
symmetrical operating conditions;

(ii) Mechanical tension on the tethering cable, measured by a
dedicated load cell;

(iii) Trim of the GEM system with respect to a reference frame
�xed to the tank �oor, by means of an inertial platform.

As seen from the schematic shown inFigure 5B, in steady-state
condition, the equilibrium is guaranteed by the cable tension
forceTC, the net buoyancyB(buoyancy force minus weight), and
the total horizontal forceFH .

Based on the cable tension load and on the knowledge of
the buoyancy, the total horizontal drag developed by the whole
system may be estimated, which in non-dimensional form is
expressed by the total resistance coe�cient:

CD D
FH

1
2� V2Sref

whereSref is a properly chosen reference area. For this application
the assumed reference area isSref D 2A, i.e., twice the turbine disk
area. The cable tractionTC balances the vector sum of total drag
FH and the buoyancyB.

Experimental values of power and torque coe�cients plotted
vs.TSRare shown inFigures 6A,B, respectively. While the data
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FIGURE 5 | The GEM reduced-scale model tested in the towing-tank. Scale 1:8 (A). Schematic of the GEM system in a steady-state condition, immersed in a current
V (due to the advancing carriage speed V); the equilibrium involves the cable tension force TC, the buoyancy B, and the total horizontal force FH(B).

FIGURE 6 | Measured power coef�cient averaged values. Turbines with shrouds, V D 1.5 m/s (A). Measured torque coef�cient averaged values. Turbines with
shrouds, VD 1.5 m/s (B).

in Figure 3B are relative to a single isolated turbine, the latter
graphs are referred to the complete small-scale GEM model. In
the same �gures, �tting curves ofCP and CQ are also reported.
The scattered values ofCP and CQ are extracted by averaging
from the power and torque measured signals sampled at a
frequency of 500 Hz, for di�erent constant rotational speed of
the turbine rotors and at a �xed towing carriage speedV D 1.5
m/s. The uncertainty levels indicated on these plots are taken as
three times the standard deviation of the sampled values. The
two plots reveal that the maximum non-dimensional torque,
CQ,max D 0.22, occurs at a value ofTSR D 3.15, which, as
expected, is not the sameTSRat which the maximumCP occurs.

The maximum e�ciencies of (reduced scale) GEM, measured
in the two cases of shrouded and bare turbines, have been
compared, considering the values ofTSRat which the maxima
occur as well. An approximate maximum CP value of about 0.4
has been observed for the bare turbine at TSRD 4.0, while
the shrouded turbine showed a maximum CP of about 0.74 at
TSRD 4.17.

Although a high scattering of test data may be observed,
the data obtained from the GEM scaled model tests seem to
con�rm the results obtained for the isolated turbine, that is, the
presence of di�users nearly doubles the maximum e�ciency. It

has to be noted that, due to data scattering, some di�cultiesare
encountered in the estimation of the optimalCP andTSR.

Full Scale Prototype Tests
Experimental tests were carried out on a full-scale GEM
prototype, designed to produce 20 kW of power at a nominal
current speed of 1.5 m/s. During the �eld tests, GEM o�-design
operating conditions have been measured as well. This prototype
has been developed, built and installed in a test site in the Venice
Lagoon, Italy. The test campaign was supported partially by a
consortium of companies operating in the Italian Veneto Region
and partially by the Veneto Regional Authority.

Test Plant Con�guration
Prototype general data
The �rst prototype has been installed in the Venice lagoon, near
Forte Sant'Andrea, with a seabed depth of about 25 m. The system
operated at a depth of about 15 m. InFigure 7A a picture of the
large-scale prototype is reported. Operational characteristics and
other features of the system are summarized inTable 3.

Starting from the information gathered in the preceding
research steps, a prototype plant was designed and built-up with
the objective to operate in a site with 1.5 m/s speed, generating
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FIGURE 7 | GEM large scale prototype(A) and measured total electrical output power (normalized with respect to maximum measured power) vs. normalized current
speed (B).

TABLE 3 | GEM prototype geometrical data.

Turbine diameter: Dt D 3.08 m

Diffuser throat diameter: Dg D 3.10 m

Diffuser exit area diameter: De D 4.08 m

Overall length: L D 9.2 m

Overall height: H D 5.2 m

Overall width: S D 10.4 m

Weight: (Overall weight including ballast weight)
W D 16,100 kg

(Steel/composite structure only)
W D 10,700 kg

Net buoyancy force: B D 51,000 N

Horizontal thrust
(on the overall system estimated at
1.5 m/s):

T D 45,000 N

Working rotational speed: (Turbine shaft at 1.5 m/s)
• D 38 rpm

a nominal total power of 20 kW, with a depth operating range
between about 9.8 m (without current) and about 15 m. The
turbine has a diameter of 3.08 m, with about 7.45 m2 swept area
for each rotor. The adopted manufacturing solution uses carbon-
�ber for the turbine blades and of glass-�ber for the di�user and
for the tail-planes, while steel structures are used for the �oating
body and the connection frame. Turbine blades and di�user
design are based on the results of previous aerodynamic research
studies.

Measurement equipment and main observed data
The GEM system full-scale prototype has been equipped with
a set of devices for measuring several operating parameters:
mainly, system trim and generator power production data. The
data have been recorded onboard and transmitted via radio toa
remote server. An acoustic speed sensor (ADCP) was installed
in proximity of the GEM mooring point in order to measure

current speed (the mooring point is about 25 m below the free
water surface and its horizontal distance from the GEM). This
device allowed the reconstruction of the whole velocity pro�le of
the current, from seabed to water surface.

During the tests, the GEM sideslip (or yaw) angle� , i.e.,
the rotation angle around the GEM vertical axis, the current
direction � with respect to the North, and the averaged actual
current speed measured by ADCP were acquired.

Power production results
The power production has been measured for both installed
turbines. In Figure 7B the total measured power is reported
vs. the measured speed, in order to determine the device
power curve. These data are relative to a single cycle of
constant incoming �ow direction, i.e., when the current �owing
direction d is almost constant. The data inFigure 7B are non-
dimensionalized using the maximum value of velocity observed
during a single cycle (Vmax is about 1.35 m/s, slightly lower than
the device rated velocity of 1.5 m/s) and the maximum measured
power for a single turbine. The test campaign presented many
challenges and the data show a rather wide dispersion. Data
dispersion is also partially due to a number of trials performed
to set up and optimize the maximum power tracking control
procedure.

A binning procedure has been used in order to better analyze
the power performance: it consists in dividing velocity and
power measurements into small intervals (bins), for each bin an
average value of velocity and power can be extracted. Thus, power
production data are grouped into velocity bins over which an
arithmetic mean has been performed. This is the same procedure
used for determining wind turbine power curve.

A rough estimation of global power coe�cient may be
obtained by comparison between cubic and binned curves: the
maximum overall power coe�cient CP max is within the range

CP max D 0.6 � 0.65
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also including mechanical and electrical e�ciencies, i.e.,
e�ciency from water current to electrical wire.

Consequently, supposing a generator e�ciency of
approximately 0.9 and a mechanical gearing e�ciency of
about 0.9, it can be claimed that, approximately, the shaft power
coe�cient is within the range 0.76� 0.8, which is in good
agreement with previous model towing tank testing.

Tests have proven the suitability of the system to operate
in nominal conditions and the capability to convert e�ciently
the energy of the �ow in mechanical and electrical energy.
In particular, the use of ducted di�users with rotor shroud
of optimized shapes has proven to augment power generation
capability with respect to the simple bare turbine solution.
Nonetheless increased structural complexity and higher thrust
levels due to the installation of di�users have to be accounted
for, in the overall evaluation of the shrouded con�guration. This
has led to GEMSTAR, second generation of GEM, in which,
among other evolution, the di�users have been removed for a
cost e�ective installation to reduce the Levelized Cost of Energy
(LCOE).

The full scale tests on a GEM prototype seem to prove
the feasibility, reliability, stability and e�ciency of the system.
Further research studies will aim to the development and
validation of an accurate simulation model capable to designa
GEM system for higher rated power. Three hundred kilowatt
GEMSTAR prototype will be deployed in Messina Strait in 2020.

WAVE ENERGY CASE STUDY: PIVOT,
PIVOTING BUOY WAVE ENERGY SYSTEM

A second test case is considered in relation to possible marine
energy exploitation in the Mediterranean area: a wave energy
converter, named PIVOT, based on a pivoting buoy. In principle
such kind of device may be adapted to the integration with
di�erent types of PTOs. In the actual development of the
system it has been integrated with a linear PTO based on the
recirculating ball-screw technology developed by Umbra Group
s.p.a., a world leading producer of bearings, ball-screw systems
and electromechanical actuators.

In the �eld of wave energy, a number of di�erent solutions
has been presented. The presented device may be classi�ed as a
wave actuated body oscillating under wave action around a �xed
hinge. Several research activities have been presented in literature
on similar topics. The subject of wave actuated bodies has been
extensively studied in literature. Point absorbers in heave, for
example, represent a common type of wave energy converter
(WEC) and many analytical studies (see for exampleFalnes,
2002) as well as numerical and experimental researches have been
reported (see for exampleVantorre et al., 2004; Hager et al., 2012).
The concept and modeling of hinged WECs has been explored
for example inMarquis et al. (2010), Hansen and Kramer (2011),
Hardisty (2012),andIonescu and Ngwenya (2014).

A Preliminary Resource Assessment
Several analyses about wave energy resource on the Italian coastal
areas may be found in literature. For example,Iuppa et al. (2015)

reports a survey of some site along the Sicilian coast. Here, abrief
survey of some results is reported in relation to a site investigated
for the study of a possible installation of the system in an on-shore
con�guration.

The site location is close to Civitavecchia port on a breakwater
structure. Available data for the assessment are obtained by a
numerical model for wave climate estimation (Bargagli et al.,
2011). Data were supplied by the Italian research institution
ENEA.

Available data report, with a 3 h sampling interval, the time
histories of the following wave climate characteristics, which
represent the sea state conditions:

� Signi�cant height, Hs (m)
� Peak Period, Tp (s)
� Mean Period, Tz (s)

Time histories data of the measured quantities are available over
an observation period of 10 years (2001–2010).

An overall scatter matrix, which reports the occurrence
frequency of a discretized set of sea states as a function of
signi�cant wave height and peak period, may be obtained by
post-processing time histories data (Figure 8).

System Operating Principle
The system consists in a point-pivoted buoy that is put in
oscillation by the incoming waves. The buoy is hinged through
supporting arms to a �xed structure. Another hinge, placed
on the oscillating arms, provides the connection with the ball
screw based electro-mechanical generator, in such a way to
allow generator rotation according with the buoy oscillation. The
rotational motion of the pivoting buoy is transformed into the
translational motion transferred to the PTO. The PTO, by means
of a ball-screw mechanism, transforms the linear motion of the
piston in the rotational motion acting on the generator. The ball-
screw mechanism and the generator are integrated in a whole
device.

A schematic representation of the operating principle of the
system is reported inFigure 9A.

Numerical Model
A numerical model based on potential �ow theory has been
developed, using existing computational codes, in order to
analyzed the wave-body interaction in the examined cased.

The dynamic behavior of the system may be described to a �rst
order of approximation by the use of a simple equivalent 1DOF
equation that represents the equilibrium of moments around the
hinge axis:

I
R
� D Mext C Mrad C M0 C MPTO

where:

� I is the rotational inertia around the hinge axis accountingfor
the hydrodynamic added mass also;

� Mext is the external moment due to waves excitation forces
(di�ractive and Froude-Krylov forces);

� Mrad is a term accounting for the radiation force, which should
be corrected for viscous contribution;
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FIGURE 8 | Wave scatter matrix for a Tyrrhenian sea site, near Civitavecchia, derived from sea state time histories (2001–2010, ENEA numerical model).

FIGURE 9 | PIVOT WEC system operating principle(A). PIVOT WEC system small scale test model set-up(B).

� M0is a term related to hydrostatic sti�ness;
� MPTO is the moment due to the point pivoted power take-o�

device (PTO);
� � is the inclination angle of the support arm of the body.

The de�nition of the radiation and excitation terms are related
to a classical approach to the wave-body interaction problem,
based on potential �ow theory. Using such di�used approach,
the simulation of wave-body interaction is decomposed in the
solution of di�erent boundary value problems, assuming that a
superposition principle may be applied. The potential solution
is written as the sum of di�erent terms: (a) the undisturbed
wave �eld (related to Froude-Krylov forces), (b) the perturbation
�eld due to the presence of the body (related to di�raction
forces), (c) the radiation �eld due to the wave radiated by
the body motion in a steady free surface (related to radiation
forces expressed in terms of added mass and radiation damping).
Each problem is solved separately with its own boundary
condition. Some details may be found inBerteaux (1976)and
Faltinsen (1990). The solution procedure is based on a boundary
elements method, which allows obtaining the hydrodynamic
coe�cients to de�ne each of the contribution to the wave-
body interaction forces. A time domain solution is further
performed to solve for the e�ective dynamic response of the
system.

A suitable control system has to be implemented in the PTO
device, in order to ensure that the force response of the device
comply with a given control law. The selected PTO system was
controlled so as to produce a force response proportional to
velocity variations, according to the following relation:

Fpist D KVpist

whereK is an adjustable gain,Fpist is the PTO force acting on the
oscillating piston of the PTO, andVpist is the elongation velocity
of the piston. The gain coe�cientK may in�uence the overall
behavior of the system in response to wave action and may a�ect
power conversion performances.Fpist de�nes the contribution of
the PTO to the dynamic equilibrium of the system.

The model takes into account only the shaped buoy,
neglecting the e�ect of the oscillating support arms.

Test on Reduced Scaled Model
In order to better understand the physical behavior of the system
a set of tests have been performed on a scaled model of the system,
in an approximately 1:5 scale ratio with respect to expected
larger scale prototype. A picture of the model set-up is reported
in Figure 9B. Detailed results of the tests have been reported
in Coiro et al. (2015). An experimental test campaign was
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performed in the towing tank facility available at the Department
of Industrial Engineering, of the University of Naples. This
facility has a wave generator capable of producing waves with
variable frequency and amplitude. A moving wall wave generator
is placed at one end of the basin. The wave generator is able
to reproduce di�erent sea states, and its operating limits are
reported below:

� Operating frequency interval:� 0.35–1.2 Hz
� Maximum wave height:� 0.6 m (also depending on frequency)

To characterize the power production performance of the system,
the absorber is equipped with a potentiometer and it is linked to
the buoyant body by means of a load cell: power is then indirectly
measured as the product of force times velocity. Wave elevation
is measured by means of ultrasonic probes and the movements of
the buoyant body around its equilibrium position are primarily
measured by the potentiometer mounted on the piston during
wave testing (for some speci�c purposes, during the tests, other
displacement measuring equipment have been used, such as a
laser distance measuring system). Then, all these measurements
are collected and compared with numerical results.

The PTO device has been simulated for the major part
of the test campaign by means of a pneumatic actuator. The
actuator is driven by an analog control system, which apply
the chosen linear control law and allow the variation of the
force-speed gain to modify system response. The control system
takes as input the measurements of the load cell and of the
potentiometer and implements a feedback control algorithm to
ensure the appropriate instantaneous force response actuating
the controlled valves of the pneumatic piston. At the same time
the controller provides an output signal for the estimated piston
speed.

Two testing con�gurations were developed and studied during
the experimental analysis, with di�erent position of the hinges
relative to the water free surface. In both con�gurations, the
simulated PTO device is almost perpendicular to the supporting
arms, but in one con�guration the support arms are horizontal,
while in the other one the arms have an inclination angle.
The inclined arms con�guration has shown better results in
the performed tests. Such behavior is probably related to the
possibility to exploit both the vertical and horizontal wave force
actions, while for the horizontal arms model only the vertical
component is e�ective in practice.

Several di�erent types of test have been performed, the main
results are related to the estimation of system response and power
output.

Numerical potential �ow data compared to experimental
tests have shown to be in relatively good agreement with
respect to natural frequency and wave frequency for max
power (mean and instantaneous), but the value of the power
from simulations is almost double than experimental one.
Part of this issue is probably related to an overestimation
of the velocity, and thus of the force at the absorber, in the
simulations, since no viscous e�ects were introduced. A
much better agreement between numerical and experimental
results may be observed for large scale prototype, as
reported below indicating that the in�uence of viscous

e�ect is much larger for reduced scale prototype than larger
one.

Optimization Based on Potential Flow
Simulation
A numerical optimization procedure has been implemented in
order to search a suitable system con�guration for a given sea
condition. To perform the optimization, the commercial code
ModeFrontier, by ESTECO SpA, has been used in cooperation
with Umbra Cuscinetti SpA.

The assumed sea state is extremely simpli�ed and is assumed
to be representable by a monochromatic wave of given frequency
and amplitude. This approach has been chosen for design
purposes in order to reduce the amount of simulation time,
during multiple simulation runs, and the complexity of an
irregular sea state. It has to be noted, however, that this is
a strong approximation and that the e�ect of irregular waves
may have a signi�cant impact on the �nal e�ective power
output.

The optimization process has been applied to a system with
the dimension of a possible real scale prototype, with a width
�xed to 5 m, a length of about 3 m and a submerged volume
of about 4 m3. The width of the buoy was �xed to account for
possible limitation on the available installation site and/or on the
number of installable systems.

In the search process, for every examined con�guration,
a shape is generated and an initial equilibrium condition
is found. With respect to this equilibrium condition a
linearized hydrodynamic analysis is performed. A surface
mesh is generated for the geometry, which is split into two
parts distinguishing between di�ractive (underwater) and non-
di�ractive elements. The radiation and di�raction problems
are solved to obtain the related hydrodynamic coe�cients
(added mass and radiation damping, for radiation problem, and
di�ractive forces coe�cients) for just the frequency of interest.
Assuming a regular monochromatic wave, in the analysis of
the radiation forces the convolution method, more proper for
irregular seas, has not been used and the radiation forces have
been estimated using the response amplitude operators and the
hydrodynamic coe�cients related to the prescribed incoming
wave frequency.

A time domain simulation is then performed using the
linearized coe�cients previously estimated for the frequency of
the incoming wave, together with a non-linear estimation ofthe
hydrostatic and Froude-Krylov forces, which are calculated at
each integration time-step considering the actual wetted surface.
During time simulation the mechanical non-linearity due tothe
e�ect of the hinge and of the pivoting generator piston are taken
into account. Power output is estimated by post-processing time
simulation results.

The following parameters have been accounted for in the
optimization process:

� Body mass (related to submerged volume at initial equilibrium
condition)

� PTO force-speed gain
� Body shape
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The position of the center of gravity is assumed to be constant
together with the assumed principal moment of inertia. Only the
overall mass of the body is changed through the optimization
process.

The geometry of the PTO connection, involving the length
of the support arms and the position of the piston attachment
points, is leaved unchanged. A linear PTO control law is chosen,
de�ned by the value of the gain relating speed and generator
required force.

With respect to the shape of the body, only the cross-section
shape is varied, leaving unchanged the transversal length in
order to ful�ll possible size constraints (for example, due to
the available site extension). A B-spline curve, de�ned by 15
coe�cients, is used to parameterize the cross-section shape of the
body. In order to reduce the number of optimization parameter,
only 3 coe�cients are varied, changing only the forward part of
the body, which is supposed to be more in�uent in determining
the interaction with the incoming wave. It has to be noted that
some problems may arise using such approach and sometimes
unfeasible con�gurations are generated. Reducing the number of
parameters may have a positive e�ect on such issue.

RANS Simulations
Several Unsteady Reynolds Averaged Navier-Stokes (URANS)
simulations were performed on the buoy con�guration, using the
commercial code StarCCMC, with similar assumptions as for the
potential �ow model. These simulations were made to try to take
in account viscous e�ects due to buoy movements into water.
Due to symmetrical properties of the problem, only one half of
the real physical water tank was reproduced. In the simulated
wave tank, the buoy can rotate around a hinge due to wave's
actions. Di�erent computational grids were tested and one was
chosen which assure the better combination of accuracy and CPU
time. In general, grids have a background and a superimposed
grid (overset grid approach), which allows the buoy �oating
movements: the buoy is completely contained in the overset grid
(Figure 10A). Each URANS simulation run for about 30 s of
simulation time, requiring about 2 days on a 64 CPUs device.
Di�erent turbulence models were also tested and k-& model
was chosen. During simulations, data about hinge rotational
angle and center of gravity (CG) position were recorded and
used to evaluate mean and max available power. In the URANS
simulations, e�ects of PTO device were also accounted for, ina
way similar to that used in the potential �ow simulations.

Several analyses have been performed, both on the small
scale and on the full-scale system model. A summary of some
results is reported inFigure 10Bin terms of oscillation amplitude
as a function of incoming wave frequency with no PTO load.
A large overestimation of predicted oscillations using potential
�ow theory may be seen in the case of the small-scale model,
particularly around the peak frequency. On the contrary, very
good accuracy can be seen regarding CFD numerical results.
This situation is particularly true for small scale models while for
larger model the di�erences between the two approaches tends to
vanish, as shown later in the paper, indicating that viscous e�ects
play a more important role for small-scale model test.

The larger computational costs of the CFD suggest its use
for detailed analyses of speci�c cases of interest, while for
optimization purposes the potential �ow approach seems to
be more indicated. Despite the lack of accuracy in predicting
the exact value of system response, the potential �ow model
is able to capture the overall trend of system behavior
and to compare alternative con�gurations, requiring smaller
computational resources.

Large Scale Prototype
After the �rst small scale test campaign, aimed to focus the
main issues and the overall system behavior and to simulation
model set up, a larger model was developed, in cooperation
with Umbra, within a research program supported by WES
organization (Wave Energy Scotland).

Figure 11A shows the large scale model mounted on the
dynamometric cart in the naval towing of the University of
Naples.

The model was optimized for a regular wave condition
with 0.24 m wave amplitude and 0.35 Hz frequency. Some
modi�cations to the direct results of the optimization have been
implemented in the �nal design, to optimize integration with
the PTO and for constructive reason, simplifying the shape in
areas, like the rearward part of the body, with lower impact on
hydrodynamic performances.

The developed numerical model was enhanced where needed
also taking into account the information gathered in the �rst run
of tests.

The prototype buoy shape and dimensions, given the
operating conditions, were chosen comparing several solutions
obtained using the developed shape optimization numerical
procedure.

Final manufactured con�guration was slightly changed for
manufacturing reasons and for better coupling with ball-
screwing based electrical generator.

The main results of the tests were the system power output
and the conversion e�ciency.

A resistor bench has been used to de�ne a control law for the
generator force response. Electrical load was changed by setting
the bench electrical resistance value.

An approximate linear relation between force and velocity
is established using an adjustable electrical load by means of a
resistor bench (real relation shows also a variation with piston
speed for a �xed electrical load).

The system was equipped with a load cell and a potentiometer
(LVDT type) on the piston in order to measure force and
displacement (and velocity by di�erentiation) to estimate
mechanical input power. Moreover, 4 tri-axial load cells were
used to estimate the forces exerted by the wave directly on the
buoy in order to evaluate the e�ciency of the buoy.

Wave characteristics were monitored by multiple capacitive
wave gages system (8 in total) in a suitable array arrangement,
to capture eventual directional patterns and to study wave
re�ections.

For the highest tested wave amplitude (0.24 m with 0.35 Hz
frequency) a mechanical peak power of about 6.5 kW has
been observed, with an average mechanical power of about
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FIGURE 10 | CFD model computational grid(A). Comparison of potential �ow, CFD, and experimental resultsin terms of piston oscillation amplitude as a function of
wave frequency with no PTO load(B).

FIGURE 11 | Wave tank experimental test on large scale model(A). Global conversion ef�ciency in regular wave tests, as a function of wave frequency for different
electrical resistance load. Wave amplitude 0.15 m(B).

2.6 kW. Based on wave available power, a buoy mechanical
conversion e�ciency of about 74% may be estimated in this
speci�c condition. In the same conditions the measured average
electrical power output reached a value of about 2.0 kW, with a
PTO e�ciency of about 77% leading to an overall e�ciency of
69%.

It has to be noted that a signi�cant dependence on wave
frequency has been observed, as expected for a resonating
behavior. The power production rapidly decreases away from the
power production peak frequency (about 0.35 Hz, but variable
with the PTO damping).Figure 11Bshows the global conversion
e�ciency (wave-to-wire), in percentage, as a function of wave
frequency for di�erent electrical resistance and for 0.15 m wave
amplitude. The global conversion e�ciency is de�ned as the ratio
of the electrical power output to the average power transported
by the wave, thus accounting for both the conversion e�ciency
of the buoy and the generator electrical e�ciency.

Typical measured and computed time histories of piston
oscillation velocity and output power are reported in
Figures 12A,B, under a wave condition with 0.2 m wave

amplitude and 0.35 Hz frequency. A good agreement may be
observed at least for this speci�c case, although it has to be noted
that some slightly larger di�erences appear for some conditions
over the whole range tested.

Reported data are related to tests in regular waves. It has
to be noted that, considering irregular sea states with possible
large variation in instantaneous surface elevation, conversion
e�ciency and power output may be signi�cantly reduced. One
of the most relevant issues observed with the tested device
is the possible very large di�erence between the average and
peak power output and forces on the PTO. Such issue requires
further studies in order to de�ne and implement a proper control
strategy to mitigate, if possible, the peak-to-average power ratio.

Tests in irregular wave conditions have also been performed.
Figure 13A shows the large di�erence observed between
maximum and average power for Pierson-Moskowitz spectrum
sea states with 0.25 m signi�cant height and di�erent peak
frequency. Finally,Figure 13B reports the global e�ciency in
the case of irregular sea states. Two spectrum models are
considered, JONSWAP and Pierson-Moskowitz, both showing a
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FIGURE 12 | Numerical (potential theory)—experimental comparison. Piston velocity time histories(A), instantaneous power time histories(B). [A D 0.20 m,
f D 0.35 Hz, K D 90,000 N/(m/s)].

FIGURE 13 | Comparison between measured average and max mechanical power for irregular sea states, for constant signi�cant height (Hs D 0.25 m) and variable
peak frequency (Pierson Moskowitz spectrum)(A). Global measured conversion ef�ciency, for irregular sea states (B).

slight reduction of performance with respect to the regular sea
state case.

A further development of the project is planned after
laboratory tests. In particular, a prototype to be tested in marine
environment is currently under construction for the deployment
on a breakwater in Civitavecchia harbor. For a 5 m wide device,
with the wave climate at Civitavecchia (see par. 3.1), the estimated
annual energy production is equal to about 14,000 kWh/year. It
has to be noted that the planned tests are aimed at the evaluation
of the overall system behavior in real environment and only a
limited set of operating conditions over a limited time extent
will be considered for the initial test, thus potentially limiting the
e�ective harvestable energy.

CONCLUSIONS

A brief review is presented of the experience gained over
several years of applied research in the �eld of marine energy
performed at Department of Industrial Engineering of University
of Naples in cooperation with non-pro�t research consortium
SEAPOWER scrl participated by the same University. Both
tidal and wave energy have been considered and several

Mediterranean installation sites have been explored. Promising
results have been obtained, although some problems still
need further investigations. Two case studies have been
presented.

In the case GEMSTAR tidal device, a �oating submerged
turbine system at TRL 7, problems may arise in the design
of the mooring system and structural optimization, as a
consequence of the high loads due to turbine thrust and required
buoyancy. Further undergoing studies are involving blade shape
optimization also in connection with the generator control
strategies aimed to reduce costs keeping blades pitch �xed to
reduce global system capital cost and O&M.

The PIVOT WEC system at TRL 5, also shows promising
possibilities for low energy sites typical of Mediterranean
Sea, even if some issues are still under investigations. A
problem for this type of device is related to the strong
dependence of the response on the sea state frequency,
which may require site speci�c optimization and may yield
poorer energy production performances. Moreover, the problems
arising from the large di�erence between average and peak
response requires further undergoing studies, which will
involve strategies aimed to upgrade the PTO to smooth
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out the large di�erences between maximum and average
output power and also to optimize the control strategy.
Issues with survivability in storm conditions need also further
investigations.
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